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ABSTRACT

Robinson III, William. M.S. Department of Chemistry, Wright State University, 2020.
Development of Tetrathiafulvalene Fused N-Heterocyclic Carbene Compounds

Separately, N-Heterocyclic carbene and Tetrathiafulvalene compounds show great
promise for a variety of applications. N-heterocyclic carbenes exhibit desirable metal
bonding characteristics which allow for modulation of the metal center via back-bonding
interactions. Additionally, this creates a system of increased bonding strength creating
stable complexes. Tetrathiafulvalene exhibits strong redox-active and optical
characteristics. These are owed to an increased aromaticity as oxidation of the compound
occurs and thus, is stable through a multitude of oxidative states. The marriage of these
two functionalization creates a unique opportunity for a “cure-all” compound, able to
address many problems the world faces today including, but not limited to, battery energy
storage, semiconductor fabrication and even photonic applications. This work
successfully synthesized and characterized precursor compounds for a ligand that could
fuse these two functionalizations. The most promising, a TTF-BTD
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styled compound was tested for the redox activity as well as optical absorption
characteristics of the compound. Other precursors synthesized, mainly compound 11, 12,
15, and 16 do not yet exhibit these characteristics and thus, both 1H-NMR and 13C-NMR
were utilized for characterization of these precursor compounds. More testing in the final
proposed synthetic route must be achieved in order to determine its efficacy. However,
marriage of these moieties as well as subsequent testing must occur to prove these
methods synthetically useful.

iv

Table of Contents
Introduction ................................................................................................................. 1

I.
i.

NHCs.........................................................................................................................1

ii.

TTFs ..........................................................................................................................3
a.

Background .......................................................................................................... 3

b.

Synthesis............................................................................................................... 4

c.

Applications and Current Research ...................................................................... 6

iii. Redox-Active NHC’s ..............................................................................................16
II. Results and Discussions ............................................................................................ 18
i.

Aims ........................................................................................................................18

ii.

Synthetic Approaches .............................................................................................19
a.

Synthetic Approach 1 ......................................................................................... 19

b.

Synthetic Approach 2 ......................................................................................... 21

c.

Synthetic Approach 3 ......................................................................................... 22

iii. Characterization of Important Compounds .............................................................24
a.

Characterization for compound 5 ....................................................................... 24

b.

Characterization for compound 6 ....................................................................... 26

c.

Characterization for compound 11 ..................................................................... 29

d.

Characterization for compound 12 ..................................................................... 31

e.

Characterization for compound 15 ..................................................................... 32

f.

Characterization for compound 16 ..................................................................... 35

III.

Conclusions and Future Work ............................................................................... 38

IV.

Experimental .......................................................................................................... 39

References ........................................................................................................................ 44

xiv

List of Figures
Figure 1: Generalized atomic structure of an N-heterocyclic carbene ............................... 2
Figure 2: Orbital diagram demonstrating the π-back donation from the metal center as
well as the σ-donation to the metal core (adapted from reference 3). ................................ 2
Figure 3: General atomic structure of a Tetrathiafulvalene (adapted from reference 5) ... 3
Figure 4: Electronic structures for the multiple oxidation states of TTF. Pictured left to
right: neutral, cationic radical, and dicationic species (adapted from reference 5). ........... 4
Figure 5: Schematic of a lithium-air battery comprised of the multiple electrolyte layers
and a lithium anode and air cathode (adapted from reference 9). ....................................... 7
Figure 6: Schematic of a semiconductor showing the charge build-up between the P-N
heterojunction (adapted from reference 12). ....................................................................... 8
Figure 7: Basic schematic of a bulk heterojunction OPV showing the sandwich
architecture of the photovoltaic cell.................................................................................... 9
Figure 8: Schematic of an organic light-emitting diode (adapted from 14) ..................... 10
Figure 9: Basic electron and hole interaction within a light-emitting diode showing the
individual steps of injection, transport, recombination, exciton formation and radiative
decay (adapted from reference 15) ................................................................................... 11
Figure 10: Example energy diagrams of a linear optical process (left) and a non-linear
optical, two photon absorption process (right) in response to a photon (adapted from
reference 16). .................................................................................................................... 12
Figure 11: Diagram showing the energy change when the photon energy used is greater
than the band gap energy (left) and less than the bandgap energy (right) in responseto
different photons (adapted from reference 16). ................................................................ 12
Figure 12: Target TTF fused NHC ligand fused to its Iridium core. ................................ 18
Figure 13: 1H-NMR obtained in DMSO for compound 5 ................................................ 24
Figure 14: Cyclic voltammogram obtained for TTF-BTD (compound 5) ........................ 25
Figure 15: UV-vis spectrum of compound 5 obtained in DMF ........................................ 26
Figure 16: 1H-NMR obtained in DMSO for compound 6 ................................................ 27
Figure 17: 13C-NMR spectrum obtained for compound 6 ................................................ 28
Figure 18: Mass spectrum obtained for compound 6........................................................ 29
Figure 19: 1H-NMR obtained for compound 11 in DMSO .............................................. 30
Figure 20: 13C-NMR spectrum obtained for compound 11 .............................................. 31
Figure 21: 3C-NMR spectrum obtained for compound 12................................................ 32
Figure 22: 1H-NMR spectrum obtained for compound 15. ............................................... 33
Figure 23: Carbon spectrum obtained in DMSO for compound 15.................................. 34
Figure 24: IR spectrum obtained for compound 15. ......................................................... 35
Figure 25: 1H-NMR spectrum obtained for compound 16 in DMSO-d6. ......................... 36
Figure 26 13C-NMR spectrum obtained for compound 16 in DMSO-d6. ......................... 37
xv

xvi

List of Schemes
Scheme 1: General reaction structure of a phosphite mediated coupling reaction where Z
= Se, S, or O and R groups of the coupling partners (adapted from reference 5)............... 5
Scheme 2: Mechanism of phosphite mediated homo-coupling with to form a simple TTF
(adapted from reference 5). ................................................................................................. 6
Scheme 3: Synthetic route to achieve target compound a protection and deprotection
route. ................................................................................................................................. 20
Scheme 4: Second approach to form the target complex via formation of the imidazole
functionalization and subsequent coupling and complexation ......................................... 21
Scheme 5: Third synthetic approach to obtain the targeted Ir-NHC-TTF complex with
imidazole formation followed by subsequent methylation, conversion to ketone, and
coupling............................................................................................................................. 23

xvii

Acknowledgements
Firstly, I would like to thank Dr. Arumugam Kuppuswamy for allowing me to
work on this project. In addition, I would like to thank him for all his help throughout my
graduate career.
I would also like to extend a large thank you to Dr. Jay. Having you around in the
lab was extremely enjoyable because of both your love for science and your
I would like to thank the Chemistry Department of Wright State University, both
the faculty and students. The faculty in the department made the experience enjoyable
every step of the way and showed a genuine interest my progression to graduation.
I would like to thank my fellow graduate students but more specifically Cody,
Cory, Ankita, Brandon, Taylor, Lee and Clara. You few were the ones who probably took
the brunt of my constant complaining and always helped me when I needed it the most.
Thank you to Dr. Paul Morgan as well. Your guidance and advice both as I went
through undergrad and was leaving was invaluable. I would also like to thank all the
faculty of the Butler University chemistry department, the school I attended undergrad.
The love you all had for chemistry inspired me to continue to pursue the knowledge and
strive to be my best.
Finally, to my family, starting with my parents- Bill, Sarai, Wendy, and Mikethank you all for encouraging me to be my best and pushing me, both in athletics and
academics. Your faith in me sometimes outweighed my own and for that helped me push
myself further. To my siblings – Alexa, Kenden, and Emily- I’m still the golden child,
xviii

but thank you all for being there when I needed you all. To my pets – Woody, Reagan,
Ripley, Pumpkin, Levi, Drake, Kate, Bently, Skye, and Oscar- you all can’t read but I
appreciate all the attention you forced me to give you all.

xix

I. Introduction
i. NHCs
Carbene species, divalent carbon species with six valence electrons bearing no
charge, have been postulated as early as 1855 by Herman and Guenther.1 However, no
attempted isolations were successful and thus, these species were regarded as only
intermediates. The authors hypothesized that the alkaline hydrolysis of chloroform
proceeded via dichlorocarbene intermediate formation.1f Over the years, many notable
figures in carbene chemistry (Schrock, Fischer, Ofele) and even computational chemistry
(Lennard-Jones, Pople, Goddard) sought out carbenes as a means to not only test their
properties but also predict them as well.1 From all the work performed, many types of
carbenes (Fischer and Schrock as two examples) were identified, showing incredible
properties (ie: strong metal coordination and the ability to bind to many metal cores).1
In 1991, Arduengo et. al. isolated the first stable N-heterocyclic carbene (NHC),
1,3-bis(adamantyl)imidazole-2-ylidene. NHC’s are, as the name implies, comprised of a
carbon center in a heterocycle flanked by nitrogens.1 Due to their architecture, these
compounds are forced into a bent configuration by the flanking nitrogen atoms while
displaying sp2 hybridization.1,2 The general structure of a N-heterocyclic carbene is
visible below in Figure 1.

1

Figure 1: Generalized atomic structure of an N-heterocyclic carbene
These structures provide many advantages by their use. These include the variety
of metals, in different oxidation states, they can bind to, and the increased strength of
coordination to a metal core.1 As such, NHCs have been coordinated to many transition
metals to generate complexes that show great promise compared to traditional phosphine
ligand complexes.1 The strong coordination is due to the interactions between the carbene
and metal center. The unique π-backbonding from the metal to the carbene as well as σdonation from the carbene to the metal allow for the increased strength, making these
carbene complexes air-stable.1,2,3

Figure 2: Orbital diagram demonstrating the π-back donation from the metal center as
well as the σ-donation to the metal core (adapted from reference 3).
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Due to the stability being dependent on neighboring groups, slight architectural
changes can drastically modify the electronics of the carbene center.1 This principle is
best demonstrated with work conducted by Sanderson et. al. In their work, an NHC
attached to a redox-active quinone moiety was inspected for electronic effects. The
authors note that the redox modulation of the adjacent quinone causes drastic alteration in
the electronic properties of the complexed metal and carbene center.4 This verification
helps to demonstrate the drastic effect of changing in the scaffold can have for such a
center.
ii. TTFs
a. Background
Tetrathiafulvalenes, or TTF’s, feature two five-membered rings which are joined by a
single carbon-carbon π-bond. The central carbon in each ring, which participates in the πlinker between the two rings, is flanked by sulfur or, in the case of tetraselenafulvalene,
selenium atoms at the 2 and 5 positions.5 Additionally, each ring features another pi-bond
between the respective 3 and 4 position carbon atoms. The molecular structure is
presented below for ease of visualization (see Figure 3).

Figure 3: General atomic structure of a Tetrathiafulvalene (adapted from reference 5)
With the π-system inherent in TTF, the redox activity of this compound is
incredibly unique, lending itself to a variety of applications. These strong characteristics
stem from the ability of TTF to “gain” aromaticity as oxidation occurs.6 When counting
the π-electrons in the system, the rings are counted separately with seven electrons each,
which is considered non-aromatic by Hückel’s “4n+2” rule of aromaticity.6 However,
3

oxidation leaves behind a radical cationic species where the resulting six electrons fall in
line with aromaticity rules. After the second oxidation, both rings follow Huckel’s rules
and show aromaticity. Such oxidation states are pictured below (Figure 4).

Figure 4: Electronic structures for the multiple oxidation states of TTF. Pictured left to
right: neutral, cationic radical, and dicationic species (adapted from reference 5).
The stability of this compound through a multitude of charge states leads to more
interesting properties. In the neutral state, TTF is able to participate in donor-acceptor
interactions intramolecularly where TTF participates as a donor. This property allows for
the tailoring of substituents in the TTF to account for energy differences of the molecular
orbitals.
In combination with a low HOMO-LUMO gap, the redox-activity creates a handle for
multiple applications.8 Thus, these compounds have been extremely sought after for
applications in photovoltaic cells and LEDs. In addition, the multiple, low oxidation and
reduction potentials allow for easier electron flow. Thus, in conjunction with their
aromatic properties and ability to stack to form channels make for a perfect combination
for materials such as semi-conductors or redox mediators.5,6,7,8
b. Synthesis
Traditionally TTF’s are synthesized via phosphite-mediated coupling reactions.
Reactions typically include triethyl or trimethyl phosphite heated with the coupling
partners for a few hours. A general reaction scheme is shown below.
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Scheme 1: General reaction structure of a phosphite mediated coupling reaction where Z
= Se, S, or O and R groups of the coupling partners (adapted from reference 5).
Here, the phosphite reagent as well as a general set of coupling partners where Z
can be any of the three following atoms: Sulfur, Oxygen, or Selenium. In addition, the Rgroups attached to the phosphite moiety, as stated previously, are either methyl or ethyl
groups. For the partners, a host of different R-groups are available. Some examples include
thio ethers and ethers, aliphatic groups (methyl, ethyl, tert-butyl, etc.), or even, when both
R groups are a part of the same ring, benzyl groups.
This mediated coupling involves multiple mechanistic steps. Considering the case
where Z, see Scheme 1 above, is sulfur the reaction mechanism is displayed (see Scheme
2).
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Scheme 2: Mechanism of phosphite mediated homo-coupling with to form a simple TTF
(adapted from reference 5).
The reaction initiates via nucleophilic attack on the thione sulfur (electrophile) by
the lone pair of the phosphorus in the phosphite compound. The intermediate will then
attack the thione carbon of the other partner and the sulfur of its thione will utilize the πbond electrons to attack the positively charged phosphorus, forming a five-membered
intermediate. This intermediate collapses with the thiophosphate leaving and taking a
sulfur to form a new three-centered intermediate. This intermediate will then undergo a
second nucleophilic attack, forming a four-centered intermediate. This then ultimately
collapses and forms a carbon-carbon double bond and another thio-phosphate
compound.5
c. Applications and Current Research
i. Batteries
The simple galvanic cell (battery) has been used for many years to provide
portable power throughout the world. Due to their high demand, it is no surprise there is
always work to improve the charging efficiency and energy that is able to be stored.
Recently, lithium-ion, and by extension lithium-air, batteries have become a prominent

6

area of research for multiple groups around the world due to the high demand for better
batteries. The schematic for such a battery can be seen below (see Figure 5).9

Figure 5: Schematic of a lithium-air battery comprised of the multiple electrolyte layers
and a lithium anode and air cathode (adapted from reference 9).
In the case of lithium batteries, and by extension lithium airflow batteries, there is
no exception to the required pieces. Typically, the anode of this cell will be comprised of
a solid lithium anode. The cathode is generally comprised of a strong acid that is open to
air, creating an air electrode.9 Additionally, the batteries utilize 3 separate electrolyte
layers: 2 solid and one liquid layer. The two solid layers have special specifications as
these will need to be resistant to their neighbors (water or lithium) to avoid reaction at
those sites. Additionally, a redox-mediator may be employed aiding the breakdown of the
reduced species regenerating the lithium starting compound.10
ii. Semi-conductors
The first reported use for TTF compounds was as organic semiconductors, so it would
be no surprise to see these as possible applications.11 Semi-conductors employ two parts:
a p-type and n-type. The p-type piece of a semiconductor is the “positive” one. This
means that this one has a “hole” in its molecular orbital LUMO band allowing it to accept
electrons and pass them along. The n-type of the semiconductor is one that has extra
7

electrons to donate to the p-type. Thus, depending on which way the battery is in the
circuit, electrons will flow from the p-type to the n-type and continuously move through
the circuit. This concept is illustrated below in Figure 6.12

Figure 6: Schematic of a semiconductor showing the charge build-up between the P-N
heterojunction (adapted from reference 12).
iii. Photovoltaic cells
Photovoltaic cells have been of increasing interest due to the environmental
impact created by the use of current energy sources. These cells seek to utilize light as a
means for powering everyday life. Traditionally, these cells are inorganic-organic hybrids
that utilize perovskite and a polymeric hole conductor in a sandwich-type architecture
Recently, purely organic photovoltaic (OPV) cells have become of interest due to their
low cost and ease of production.13
There are many designs for OPV cells, however the most common is a bulk
heterojunction cell. This type of architecture is designed so there is some front sheet that
“sandwiches” three layers: two interlayers (one donor and one acceptor) as well as the
homogenous bulk heterojunction.13 The heterojunction contains both the donor and
acceptor in a single layer allowing for more efficient charge transport.13 This design can
be seen in Figure 7.
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Figure 7: Basic schematic of a bulk heterojunction OPV showing the sandwich
architecture of the photovoltaic cell.
These OPV cells utilize a four-step process for electron flow. First, photolytic
excitement of the donor moiety creates an exciton, an electron moved from the HOMO to
the LUMO of the donor. This exciton then diffuses through the bulk heterojunction until
it reaches the Donor-Acceptor interface. The exciton then dissociates into free charge
carriers. These carriers will finally migrate toward the electrodes on the front and back
sheets for collection.13
iv. Light Emitting Diodes
Light-emitting diodes (LEDs), which have traditionally been inorganic materials,
have recently seen an increase in the use of organic molecules.15 These organic LEDs
(OLED) present several advantages over traditional inorganic LEDs such as increased
flexibility, lower manufacturing cost, a low impact of having impurities, and even the
ability to fabricate large areas giving them a large potential market for manufacturers of
high-end electronics.15 OLED’s follow a simple, “sandwich” design comprising of a
cathode and anode containing an organic semiconductor between them.14 Such a
schematic is pictured below (see Figure 8).
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Figure 8: Schematic of an organic light-emitting diode (adapted from 14)
These devices operate in a 5-step process, somewhat similar to their not so distant
cousins, OPVs. The first step is the injection of the charge carriers. A bias voltage is
applied so holes and electrons are “injected” into the semi-conductor via the cathode and
anode.15 These charge carriers are then carried through the semi-conductor piece looking
to recombine. These charge carriers then meet and move holes into the respective HOMO
and LUMO energy levels creating an exciton. This exciton formation causes the electron
to release energy which is then transferred to a photon. The final step sees each particle
relax to their respective ground state and the release of the photon causing the light which
we see.15
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Figure 9: Basic electron and hole interaction within a light-emitting diode showing the
individual steps of injection, transport, recombination, exciton formation and radiative
decay (adapted from reference 15)
v. Non-linear optical materials
Linear optics is a well-known concept but their counterparts, non-linear optics,
are not so well known. Non-linear optical properties are resultant from the polarizability
of an object, usually a crystal, not having a linear response with the electric/optical field
applied, typically a laser.16 These optical phenomena fall into many different orders with
first-order (χ(1)) denoting linear optics (think a camera lens), second-order (χ(2)) denoting
processes such as second-harmonic generation (ie: Nd:YAG lasers), third-order (χ(3))
denoting processes such as third harmonic generation, etc.15 At an atomic level, linear
optics operate in a way where when a photon is absorbed, a photon is released. This
differs greatly in non-linear optical materials as, in a single quantum mechanical process,
more than one photon is generated/absorbed.16 This concept can be demonstrated by
Figure 10.
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Figure 10: Example energy diagrams of a linear optical process (left) and a non-linear
optical, two photon absorption process (right) in response to a photon (adapted from
reference 16).
An interesting thing to note, is the large presence of semiconductors in the field of
non-linear optics. Semiconductors hold many advantages in these applications but a large
one is their large non-linear response.15 Two mechanisms of response are able to be
applied when a semiconductor is present, based upon the photon energy of the laser.16 In
the first case, the photon energy absorbed is greater than that of the bandgap energy (Eg)
and so the response is based upon the transfer of electrons to the conduction band (CB)
from the valence band (VB). In the second case, the photon energy is less than that of the
band gap and thus, the response is instantaneous and the result of processes involving
virtual levels.Ref An energy diagram of both cases can be viewed in Figure 11.

Figure 11: Diagram showing the energy change when the photon energy used is greater
than the band gap energy (left) and less than the bandgap energy (right) in responseto
different photons (adapted from reference 16).
12

vi. Current Research
Current research seeks utilization of TTF in all the applications mentioned above. As
a redox mediator, TTF has been explored by Yang et. Al. in a lithium-air battery. A
general battery structure of a LiFePO4 anode and a carbon cathode was employed for
such tests.20 Tetrathiafulvalene was proven to aid in the lithiation at a FePO4 anode. The
breakdown of the reduced Li-O2 species formed at the cathode was shortened immensely
during the first charge cycle. However, the study was limited here due to the breakdown
caused by TTF in the battery after subsequent charge/discharge cycles.20 The benefit of
lowered charge potential is lost after the first cycle due to the decomposition of the TTFcontaining electrolyte. By alteration of the TTF and electrolyte, the redox mediation
abilities of TTF in the breakdown of Li-O2 in such cells would increase drastically.20
With semi-conductors being either with extra electrons or without them, TTF can
easily fit the mold of a p-type and undergo these types of interactions. In 2017, Zhou et.
Al. synthesized an ethylnedithio-methylenedithio-2,5-bis(1,3-dithiol-2-ylidene)-1,3,4,6tetrathiapentalene (EM-TTP) styled TTF molecule for device testing.21 Such a compound
was drop cast to a Si/SiO2 wafer, forming microcrystals on the wafer, and tested for the
charge transport capability of the construct.21 The π-stacking interactions between the
TTF moieties allowed for charge transport from the n-type silicon through the TTF.
However, the preferred mechanism of transport was found not to be the π-stacking
interactions, but the S—S interactions.21 Thus, there is an anisotropic effect that occurs
within these types of molecules suggesting that for the TTF to be effective charge
carriers, more S—S interactions would be needed. However, the fact there is more than
one mechanism of transport through such TTFs leads to an increase in viability for such
compounds in this application.21
13

Research performed by Martin et. al. demonstrates the efficacy of TTF in
photovoltaic applications specifically. Through pairing the donating TTF moiety with
fullerene acceptor, multiple structures were tested for their properties. Multiple types of
TTF triads and dyads were tested in solution in a dark environment via flash photolysis.
The cells, in this case, contained an indium tin oxide anode coated in PEDOT:PSS with a
LiF/Al cathode.22 The photoactive materials were the TTF/C60 compounds. The group
found that due to the stability created by aromatization of exTTF (excited TTF), the longlived radical pairs necessary for photovoltaic cells to properly function were generated.22
However, the major drawback to these systems currently is the low energy conversion. In
these tests, a mere 0.03% energy conversion was observed.22 While this value is low
compared to other devices (usually ~5%), the hope is that these dyads and triads will be
modified to make the energy conversions increase therefore increasing the attractiveness
for such molecules in these applications.22
Since OLEDs require the use of semi-conductors, it would be no surprise that TTF
containing compounds have been explored in such an application. Pointillart et. Al.
sought to analyze the ability of TTF to be used in such an application by analyzing the
charge transfer observed from a lanthanide metal inside an organic scaffold. For this
study, the group analyzed multiple lanthanides which had TTF and hfac
(hexafluoroacetylacetonate) or tta (2-thenoyltrifluoroacetonate) ligands coordinated.23,24
It was found that near-IR luminescence of the lanthanide metal was observed due to a
through-space charge transfer between the ligand and coordinated metal. Additionally,
tuning the TTF ligand demonstrates an ability to red-shift the emissions based solely on
donor-acceptor interactions within the TTF ligand, allowing for extreme tunability of
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such compounds.23, 24 The possibility of luminescent quenching due to the multiple
cationic oxidation states of TTF was also explored in the context of these complexes.
Quenching of the luminescent properties of these complexes would lead to ineffective use
in such applications, thus rendering them useless at multiple oxidation states. However,
no quenching was observed between any oxidation states, as demonstrated by the
[Nd(hfac)4 (H2O)][L4] mononuclear complex.23 Thus, this leads to the conclusion TTF is
an effective antenna of sensitization over a variety of charge states and energetic gaps.23
With many utilizing TTF in semiconductor applications, it becomes clear that
non-linear optical materials would be a suitable application to attempt use in as well.
Martin et. al. sought desirable characteristics of TTF compounds for non-linear optical
applications.25 Organic compounds are great for these applications due to their cost, good
electronic susceptibility, easier synthetic procedures when compared to their inorganic
counterparts, compatibility of organics with current semi-conductors, and their
exceptional tunability and variety of substituents that can be added as modifications. In
their work, the alterations came in two ways: changes in the acceptor group or the pispacer group.25Electrochemical analysis yielded data demonstrating the distance affecting
the ability of a donor and acceptor by further positive shifts with closer groups, offering
greater efficiency.25 Analysis via FT-Raman spectroscopy yielded the most efficient
intramolecular charge transfer (ICT) compound to be compound 2b, TTF modified with
one spacer group and a 4-methylidenediethylthiobarbituric acid acceptor. In addition, it
was concluded that increasing the vinyl spacer groups disrupted the efficiency of the
charge transfer and thus, led to poor NLO properties.25
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A reaction catalyzed by simply the polarity of TTF was reported by Lampard et.
al. Aryldiazonium salts are known to react well with copper (I) halides or cyanides
through a radical intermediate but polar, non-radical termination steps.17,18,19 Thus, TTF
presents a unique alternative to such reagents due to its unexplored synthetic applications
and excellent electron-donating ability.16 In this work, the group sought to test the
viability of TTF as a polar donor in order to stabilize the radical intermediates formed in
the process of ring-closing of aryldiazonium moieties, followed by subsequent quenching
of the radicals produced in order to yield a substituted carbon center. If possible, this
center will have diastereomers, dependent on the solvent (in moist acetone, yields an
alcohol substitution) and a closed ring on the aryldiazonium moiety.17 In the tested
species, this is evident by the NMR spectrum yielding proper integrations and peak
placements for clean conversions from precursor compounds. Tetrathiafulvalene,
therefore, shows promise, and in some ways excels, due to the ease of displacement
compared to other groups as a polar catalytic agent in this application.17,18,19
iii. Redox-Active NHC’s
This special group of NHC’s take on a myriad of forms but have very strong
properties due to the strong coordination discussed earlier. The marriage of the redox
active group as the back-bonding experienced from the metal center to the carbene allows
for extreme modulation of properties exhibited. By changing the oxidation states of the
redox-active component, the metal center will have a different lewis-acidity and thus,
cause a change in the properties of the complex.26
A good example of such a complex is seen by Ahumada et. Al. with their reduction
and oxidation of a quinone NHC-Ruthenium complex. By changing the voltage potential
in two reactions, ring-opening and ring closing metathesis, effective oxidations and
16

reductions occurred at the quinone effectively altering the reaction rate and size of the
tested polymers. In the ring closing reaction, a drastic rate drop from 8.39*10-5 s-1
(oxidized) to 1.29*10-5 s-1 (reduced) was observed.26 Additionally, with the ring opening
reaction, a rate change from 4.58*10-4 s-1 with the quinone oxidized to 6.49*10-5 s-1 with
the quinone reduced. An additional consequence is seen in the polymeric size. The
oxidized quinone produced not only a higher conversion rate (81% compared to 29%),
but also larger polymers (23.4 kDa compared to 16.7 kDa) when compared to the reduced
quinone species.26 Thus, the potential change exemplifies an effective “switch” for
altering catalytic properties.
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II. Results and Discussions
i. Aims
This work sought to marry both the TTF and NHC properties to create a molecule
that could be used for a variety of applications. The TTF redox activity allows for use in
things such as semiconductors, LEDs, and other applications. The use of an NHC would
allow for easier metal coordination via the carbene as well as open the potential for other
applications via polymeric linkage or NHC tuning. More specifically, this work's target
final compound was an asymmetric TTF ligand fused to an Iridium metal core via a NHC
fused to the TTF ligand. This compound can be seen below in Figure 12.

Figure 12: Target TTF fused NHC ligand fused to its Iridium core.
This work also sought to test this compound and the TTF-NHC ligand for
multiple properties. These properties should be tunable via the R-group, likely a methyl
group for testing purposes, of the NHC portion and should allow a TTF, symmetric or
asymmetric as this one, to be utilized in a myriad of applications. Evaluation of this
compound provides a quantifiable measure of such a unique marriage as a baseline for
other applications.
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ii. Synthetic Approaches
With the target compound in mind, there were a few approaches that could be
taken. The first involved the coupled product being created prior to the subsequent
imidazole formation and eventual complexation of the iridium metal. This approach can
be seen below in Synthetic Approach 1. The other way the final compound could be
formed would be through the formation of the imidazole, functionalization of the
nitrogens in the heterocycle, and subsequent coupling and complexation to form the
target compound. This basic approach can be seen both with the functionalization then
imidazole formation (see Synthetic Approach 2) and with the imidazole formation prior to
functionalization (see Synthetic Approach 3) before the coupling step.
a. Synthetic Approach 1
Literature procedures were employed to produce the starting materials prior to
coupling. The process started with commercially available O-phenylene diamine which
was treated with bromine at -78°C to afford the desired bis-thiocyanate product. The
product was subjected to a multi-step reaction involving sodium sulfide, and carbon
disulfide resulting in the formation of 5,6-Diaminobenzene-1,3-dithiole-2-thione. This
was then treated with SOCl2 in the presence of pyridine, forming a thiazole ring where
the diamines were, and subsequently reacted with mercury (II) acetate to transform the
thione into a ketone. The newly formed ketone was reacted with triethyl phosphite with
its respective coupling partner to form compound 5. Compound 6 was the product of a
reduction of 5 in the presence of lithium-aluminum hydride at room temperature after 0
°C addition. To attempt to afford compound 7, the preceding compound was reacted with
a variety of acids, unsuccessfully. The imidazole was to be reacted methylated, and then
complexed to afford the final target compound 9. This approach is outlined in Scheme 3.
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Scheme 3: Synthetic route to achieve target compound a protection and deprotection
route.
This route involved many errors however and was eventually replaced by other
methods. Firstly, the yields for compound 4, 5 and 6 were exceedingly low. Literature
procedures put these yields at 91%, 33%, and 91% respectively. 28 The achieved yields
were much lower for all but compound 5, which only had a 7% discrepancy in yield.
Additionally, the consistency of the reduction to yield 6 was inconsistent at best. A
majority of the time, a complexation product was yielded which, no matter the work-up,
was unable to be separated between the newly generated free-amines and one of the metal
atoms, most likely aluminum. Thus, this route was eventually abandoned in favor of the
second synthetic approach.
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b. Synthetic Approach 2
Compound 12 was the result of a mercury (II) acetate reaction under similar
conditions utilized in Scheme 3, but with compound 2. This was the result of a
methylation with isopropyl iodide, after silica-gel column purification, and reaction
with an acid at 110 °C for 3 hours to form the imidazole ring seen. The counter-ion,
X-, was the conjugate of one of two acids used: PF6- or Cl-. The route continues past
12, with a subsequent coupling and complexation. This approach is outlined below in
Scheme 4.

Scheme 4: Second approach to form the target complex via formation of the imidazole
functionalization and subsequent coupling and complexation
Eventually, this route was abandoned as well due to similar issues. Primarily, the use
of extraneous purification techniques to afford compounds 10 and 12 plagued this route.
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The column purification is time consuming due to the oily nature of the product and
amines present in the desired compound. Additionally, compound 12 became problematic
as, depending on the counter-ion, solubility was affected and thus, made separation of the
solid mercury product and desired compound difficult. In addition, low yields again
became a plague in this method. The low efficiency and yield of 10, 11, and 12 created
the need for multiple reaction runs to afford enough material to run the next reaction only
to lose product to the purification. In combination with the extraneous purification, this
process became time consuming leading to the development of a new process of synthetic
steps.
c. Synthetic Approach 3
Thus, the final route, while partially in need of further experimentation, was
constructed. This pathway is outlined in Scheme 3 below. The final compound
synthesized, compound 16, was created, via a similar methylation reaction utilized earlier
in Scheme 4. The imidazole functionalization was created via a 2N HCl reaction in
triethyl orthofromate with the 5,6-Diaminobenzene-1,3-dithiole-2-thione starting
material.
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Scheme 5: Third synthetic approach to obtain the targeted Ir-NHC-TTF complex with
imidazole formation followed by subsequent methylation, conversion to ketone, and
coupling.
Following the scheme, as shown, improves two things: yield and time. The yield
of the imidazole reaction is improved to almost 90% over its counterpart from
Scheme 4. This yield increase and lowered time of reaction allow for quicker product
formation with more material available for subsequent steps. Additionally, the Nmethylation performed does not require a column for purification. Neither compound
15 nor compound 16 require extraneous purification and thus, time is improved.
Further exploration into this pathway will need to be addressed to see the formation
of not only the final target ligand, compound 8, but also the complexation to the
iridium core.
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iii. Characterization of Important Compounds
a. Characterization for compound 5
Pictured below is the 1H-NMR from compound 3. The resulting spectrum obtained
for this compound matched expectations. The aromatic protons seen in the benzene
spacer of the compound are seen at 7.71 ppm with the expected integration of 2. The
other protons present are the six methyl protons from the coupling partner starting
material and are seen at 1.92 ppm. The integration comes out to be six protons as
expected from the two methyl groups. This small downfield shift, compared to normal
methyl groups which appear closer to 1.00 ppm, can be attributed to the TTF moiety
nearby. TTF is primarily an electron donor and therefore, does not cause much
deshielding of such protons, even with multiple electronegative atoms near these protons.

Figure 13: 1H-NMR obtained in DMSO for compound 5
Additionally, electrochemical measurements were taken as well. Against a
standard carbon electrode, the initial oxidation of the TTF portion occurs at +0.76V
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showing the oxidation to the radical cationic state. After this initial oxidation,
another oxidation is seen at +0.51V corresponding to the dicationic TTF moiety
described in Figure 2 pictured earlier. The final reduction seen at -1.39V is
characteristic of thiazole reductions. Additionally, each oxidation/reduction is a
reversible process.

Figure 14: Cyclic voltammogram obtained for TTF-BTD (compound 5)
Additionally, UV-vis spectroscopy was employed, testing the absorbance of the
compound. Two major absorption peaks are observed in the spectrum: a sharp peak
centered at 320nm and a broad peak centered at 495nm. The peak around 320nm is
characteristic of the TTF compounds and was compared to similar compounds,
without consequence for the thiazole ring attached. Additionally, comparison with
literature additionally assigns the broad peak to the thiazole ring.
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Figure 15: UV-vis spectrum of compound 5 obtained in DMF
b. Characterization for compound 6
From the H-NMR of compound 6, three major peaks are seen. The first, shown at
1

6.53ppm, integrates to 2. This integration and shift relate to the benzyl spacer group
in the compound. Additionally, the peak at 4.68 ppm indicates the presence of the
amino groups which were freshly regenerated from the thiazole ring of 5. The
integration of this peak to 4 protons further confirms the presence of the amines. The
final peak at 1.94 ppm is indicative of the sp3 hybridized carbons from the smaller
portion of the asymmetric TTF. The integration to six also helps to further prove the
methyl groups remained intact during the reduction. This spectrum is depicted below
(see Figure 16).
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Figure 16: 1H-NMR obtained in DMSO for compound 6
Additionally, the 13C-NMR spectrum was taken. In the spectrum, 5 peaks
corresponding to five of the six sp2 hybridized carbons of compound 6 can be seen at
134.7, 122.6, 121.6, 108.6, and 107.5 ppm. Additionally, the methyl sp3 hybridized
carbons can be seen at 13.4ppm. Thus, confirming the presence of the TTF expected.
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Figure 17: 13C-NMR spectrum obtained for compound 6
The final piece of characterization for diamino-TTF compound employed mass
spectroscopy. The major peak for the compound was expected at around 312 M/z. The
peak corresponding to the synthesized compound appeared at 311.99 M/z. Thus, the
spectrum obtained shows further agreement with the previous NMR spectra obtained.
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Figure 18: Mass spectrum obtained for compound 6
All these characterization methods were compared to a previously synthesized
compound of the same molecular connectivity and make-up. The data impeccably
matches in the proton, carbon, and Mass spectrum obtained for compound 6.29
c. Characterization for compound 11
The characterization for these compounds begins with compound 11. From the
1

H-NMR below, there are multiple notable peaks. Firstly, the doublet set centered at

around 1.58 ppm corresponds to the hydrogens of the isopropyl group furthest from the
benzene ring. The other proton set, the septet centered at 4.91 ppm would therefore
correspond to the last proton of the isopropyl group, the one closest to the phenyl group.
Additionally, a peak is observed at7.96 ppm, corresponding to the benzene hydrogens,
29

especially when considering the integration to 2. Finally, the last proton is seen at 9.60
ppm. This hydrogen is the imidazole hydrogen of the compound and the hydrogen used
as the integration standard.

Figure 19: 1H-NMR obtained for compound 11 in DMSO
The 13C-NMR spectrum shows signs of desired product as well, matching the
expected signals. The major peaks that are seen appear at 210.7, 151.5, 140.8, 130.7,
106.9, 52.8 and 21.7. The peak at 210.7 is consistent with the expected thione as well as
the peak at 151.5 being consistent with the carbon in the imidazole ring. The peaks at
21.7 and 52.8 both show the presence of the isopropyl group desired. The final peaks, one
at 140.8, the peak at 130.7, and peak at 106.9, are consistent with the benzene spacer
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group peaks seen in precursor compounds, thus proving the desired compound was
obtained.

Figure 20: 13C-NMR spectrum obtained for compound 11
d. Characterization for compound 12
From compound 12, the 13C-NMR spectrum was obtained. Moving from
downfield to upfield, the first peak seen is a peak at 187.5 ppm. This peak corresponds to
the ketone which converted from the starting thione. Additionally, a peak at 177. 2 ppm
corresponding to the imidazole carbon can be observed. Peaks at 131.7, 131.7, and 108.6
corresponding to the three benzyl carbons are also observed in this spectrum. Finally, the
peaks at 56.1 and 22.1 ppm showing the presence of the isopropyl carbons. The above
shifts are in agreement with the expected values of the carbon peaks.
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Figure 21: 3C-NMR spectrum obtained for compound 12
e. Characterization for compound 15
Starting with compound [15], there are only two protons to observe. Firstly, as
seen in previous imidazole compounds, the imidazole peak appears. This appears at
9.46 ppm and integrates to one proton. The second peak appearing is for the two
benzyl protons which are seen by the peak at 8.39 ppm. With the shifts and associated
integrations, the compound shows the successful formation of an imidazole ring.

32

Figure 22: 1H-NMR spectrum obtained for compound 15.
Additionally, 13C-NMR was employed in characterization of compound 15.
Starting left to right, peaks appear at 214.1, 142.7, 137.0, 132.5, and 108.9 ppm
respectively. The peak at 214.1, as seen in compounds discussed earlier, corresponds to
the carbon attached to the thione. The next peak at 142.7, would correspond to the carbon
which was present between the two nitrogens on the imidazole ring. The final three peaks
correspond to the benzene ring present in the compound. These peaks, therefore, account
for every carbon present as the symmetry of the compound suggests that only five peaks
should be expected.
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Figure 23: Carbon spectrum obtained in DMSO for compound 15
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Figure 24: IR spectrum obtained for compound 15.
f. Characterization for compound 16
From the H-NMR spectrum, three key peaks can be observed. The furthest
1

downfield appears at 9.75 and integrates to one. This proton is indicative of the
imidazolium proton of the charged ring. The 0.29 ppm shift downfield can be attributed
to the positive charge borne by the ring causing a deshielding of the imidazole proton.
Slightly further upfield is a peak seen at 8.63 ppm containing an integration of two
protons. This corresponds to the benzyl spacer group and denotes another slight
downfield shift. The final proton peak observed appears at 4.08 ppm and integrates to six.
This is indicative of the methyl groups newly attached to the amines. This spectrum is
visible below (see Figure 25).
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Figure 25: 1H-NMR spectrum obtained for compound 16 in DMSO-d6.
A 13C-NMR was also obtained for this compound. Starting downfield, the first
peak observed is at 214.1 ppm. This peak matches the thione present in the compound
[16]. Additionally, a peak appears at 142.7 ppm. This peak is indicative of the imidazole
carbon showing its presence in the compound. Finally, three more aromatic peaks appear
at 137.0, 132.5, and 108.9 ppm. Each corresponds to one of the three aromatic peaks seen
in this compound (see Figure 26).
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Figure 26 13C-NMR spectrum obtained for compound 16 in DMSO-d6.
:
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III. Conclusions and Future Work
Overall, the synthesis and characterization of precursor compounds to a targeted Ir-TTF
complex have been successfully demonstrated. In addition, some basic TTF-BTD
measurements were also taken in conjunction with the utilization of three separate
synthetic routes in order to achieve the final complex.
Future work will seek two things: achieving the target and exploring its
quantifiable properties. To achieve the first goal, the rest of the third synthetic approach
will be utilized and modified in order to achieve successful cross-coupling of the
vinylene trithiocarbonate and imidazole bearing species. Once complexation has
occurred, the second goal of quantifying the compounds properties will be easily
achieved. Methods such as UV-vis, electrochemical methods, IR, and NMR will be
utilized in order to characterize this compound and compare it to other compounds that
operate within the same applications.
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IV. Experimental
All NMR spectra were obtained on a Bruker Advance 300.13 MHz NMR with trimethyl
silane or residual solvents as an internal standard. The electrochemical measurement was
taken against a standard carbon electrode with a decamethylferrocene internal standard
and 0.1M [N(nBu)4]PF6 in DMF (1mM) as the supporting electrolyte. Chemicals were
purchased from commercial sources including Sigma Aldrich (thionyl chloride, all NMR
solvents), Fischer Scientific (Pyridine, reaction solvents), Alfa Aesar (Triethyl Phosphite,
sodium sulfide nonahydrate, and Potassium Sodium L-tartrate tetrahydrate), Arcos
chemical (potassium carbonate, 2M HCl/Ether, 2-iodopropane and iodomethane) and
KOPTEC (Ethanol). Triethyl phosphite was distilled before use and all solvents utilized
under nitrogen were dried either in an Intert Technologies PURESOLV, over chemical
sieves, or came dry. All other chemicals were used as purchased unless stated otherwise.
Synthesis
1,2-Diamino-benzene-4,5-bis(thiocyanate): To a 500 mL three-necked round bottom
flask purged with N2 and containing a stir bar, molecular sieves, 250 mL of methanol
were added as well as O-phenylene diamine (10.0 g) and potassium thiocyanate (36.0 g).
The reaction vessel was then placed into a acetone ice bath. Once thermal equilibrium
occurred, bromine (10 mL) was added to a solution of cold methanol (50 mL) and the
solution was added dropwise over a period of 2 hours. The reaction mixture was slowly
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allowed to return to room temperature. The reaction mixture was added to 1000 mL of
water and filtered to obtain a light brown solid. The filtrate was made basic and vacuum
filtered. The product was dried in air to remove any excess water to obtain a light-brown
solid. Yield: 10 g (50%).
5,6-Diaminobenzene-1,3-dithiole-2-thione: Deionized water (300 mL) and Na2S*9H2O
(21 g, 3.3 eq) were added to a round bottom flask equipped with a stir bar and the
solution was degassed for one hour. 1,2-Diamino-benzene-4,5-bis(thiocyanate) (2.00 g, 9
mmol) was added and the heat was raised to 70℃. The heat remained here and stirring
continued for one and a half hours. The heat was reduced to 50℃ and carbon disulfide
was added dropwise to the solution over a period of five minutes. The reaction continued
for two hours before the heat was reduced to room temperature and then stirred
overnight. The resulting product was filtered, washed with water, and allowed to dry
yielding an orange powder. Yield: 2 g (33%)
[1,3]Dithiolo[4,5-f]-2,1,3-benzothiadiazole-6-thione (Compound 3): Under an N2
atmosphere, 5,6-Diaminobenzene-1,3-dithiole-2-thione (1.00 g) and toluene were added
to a 200mL Schlenk flask containing a stir bar. Thionyl chloride (1.0 mL) and pyridine
(0.5 mL) were then added dropwise, and the reaction was refluxed for 2 hours at 120℃.
The reaction was then cooled to 100 ℃ and 4 mL of ethanol were added slowly to
quench the thionyl chloride. The mixture was then filtered, washed with hot toluene, and
then evaporated to yield a yellow powder. Yield: 821.6 mg (78%); 1H-NMR (300 MHz,
CDCl3): δ= 8.601 ppm (s); 13C-NMR (75 MHz, CDCl3): =214.9, 152.4, 143.4, 114.0
ppm
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[1,3]dithiolo[4,5-f]-2,1,3-benzothiadiazole-6-one (Compound 4): Compound 3 (1.0 g,
1 eq), from the previous step, was added to a round bottom flask equipped with a stir bar
and charged with Mercury (II) acetate (4.0 g, 4 eq) and methylene chloride (45 mL). The
mixture was allowed to stir for three hours at room temperature. The resultant mixture
was filtered over celite and the filtrate was evaporated under reduced pressure to produce
a light-yellow solid. Yield: 500 mg (50%); 1H-NMR (300 MHz, CDCl3): δ= 8.681 ppm
(s); 13C-NMR (75 MHz, CDCl3): =189.8, 152.4, 135.9, 115.8 ppm
Vinylene trithiocarbonate: The precursor ketone was added to a round bottom flask
containing a stir bar charged with P2S5 and toluene. The reaction was then refluxed at
120℃ overnight, filtered over celite, and washed with toluene. The toluene was
evaporated to produce an orange-red solid. Yield: 1.08 g (96.4%); 1H-NMR (300MHz,
CDCl3): δ= 2.106 ppm (s); 13C-NMR (75 MHz, CDCl3) = 211.7, 134.8, 13.4 ppm
Compound [5]: A Schlenk flask equipped with a stir bar was purged under nitrogen
atmosphere. Compound 3 (533 mg) and the trithiocarbonate (1.538 g) were added as well
as freshly distilled triethyl phosphite (25 mL) and anhydrous toluene (12.5 mL). The
reaction mixture was refluxed at 120 ℃ overnight. The solvent and phosphite were
evaporated off under reduced pressure and the solids were washed with methanol to
afford a deep red solid. Yield: (33%); 1H-NMR (300MHz, DMSO): δ= 7.71 ppm (s), 1.92
ppm (s)
Compound [6]: Compound [1.3] (188.4 mg) and THF (15 mL) were added to a Schlenk
flask equipped with a stir bar that had been purged under nitrogen. The flask was placed
in an ice-water bath and solid Lithium aluminum hydride (210 mg) was added at 0℃.
After the addition of lithium aluminum hydride, the solution was allowed to return to
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room temperature and proceeded for 1 hour. The reaction mixture was filtered. The
filtrate was evaporated off under reduced pressure to afford a bright red solid. Yield: 21
mg (12.2%); 1H-NMR (300 MHz, DMSO-d6): δ= 6.533 ppm (s), 4.679 ppm (s), 1.941
ppm (s); 13C-NMR (75 MHz, DMSO-d6): 134.68, 122.58, 121.61, 108.59, 107.46, 13.39
ppm
Compound [11]: To a purged Schlenk flask equipped with a stir bar, 5,6Diaminobenzene-1,3-dithiole-2-thione (1.00 g, mmol), potassium carbonate (3.00 g,
mmol), and acetonitrile (40 mL) were added and allowed to stir. After stirring had
commenced five minutes, 2-iodopropane (6 mL, mmol) was added and the reaction was
refluxed for 48 hours. The reaction was allowed to return to room temperature, filtered,
and purified via a silica gel column to afford a bright orange waxy solid. Yield: g, (54%);
1

H-NMR (300 MHz, CDCl3): δ= 10.43 ppm (s), 8.07 ppm (s), 5.03 ppm (s), 1.756 ppm

(d), 1.735 ppm (d); 13C-NMR (75 MHz, DMSO-d6): 210.7, 151.5, 140.3, 130.7, 106.9,
52.8, 21.7 ppm
Compound [12]: Under nitrogen atmosphere, the acid (HPF6 or HCl) containing the
desired counter ion was added to a vial containing the isopropyl methyl thione (50 mg, 1
eq) with methanol (1 mL) and triethyl orthoformate (7 mL) and stirred at 110℃ for 3
hours. The reaction was then cooled to room temperature and ether was added. The solids
were allowed to settle overnight and subsequently decanted to produce the solid. Yield:
60mg (54%); 13C-NMR (75 MHz, CDCl3): 187.5, 177.2, 131.7, 131.0, 108.6, 56.1, 21.6
ppm
Compound [15]: 5,6-Diaminobenzene-1,3-dithiole-2-thione (200 mg, mmol) was added
to a vial equipped with a stir bar, along with 1 mL of ethanol and 2M HCl/Ether (4 mL,
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eq) and stirred for five minutes. After this time, triethyl orthoformate (7 mL) was added
to the vial and the reaction was heated to 110℃ for three hours. The reaction was then
cooled to room temperature and ether was added then decanted. The product was then
dried yielding a light brown solid. Yield: 200 mg (96%); 1H-NMR (300 MHz, DMSOd6): δ= 9.45 ppm (s), 8.39 ppm (s); 13C-NMR (75 MHz, DMSO-d6): 214.1, 142.7, 137.0,
132.5, 108.9 ppm
Compound [16]: To a 40mL vial equipped with a stir bar, 200 mg of compound [3.1]
(0.80 mmol, 1 eq) and 440 mg of K2CO3 (3.2 mmol, 4 eq) were added along with 7 mL
of acetonitrile and allowed to stir for 5 minutes. Iodomethane (2 mL, 32.3 mmol, 40 eq),
was added to the vial and the cap was replaced. Heat was administered for 48 hours. The
solvent was evaporated under reduced pressure and the solids were washed with water to
produce an orange powder. Yield: 130 mg (42.6%); 1H-NMR (300 MHz, DMSO-d6): δ=
9.75 ppm (s), 8.63 ppm (s), 4.08 ppm (s); 13C-NMR (75 MHz, DMSO-d6): 213.1, 145.0,
138.4, 131.7, 107.8, 33.5 ppm
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